The transition from benthos to plankton requires multiple adaptations, yet so far it remains unclear how these are acquired in the course of the transition. To investigate this process, we analyzed the genetic diversity and distribution patterns of a group of foraminifera of the genus Bolivina with a tychopelagic mode of life (same species occurring both in benthos and plankton). We assembled a global sequence data set for this group from single-cell DNA extractions and occurrences in metabarcodes from pelagic environmental samples. The pelagic sequences all cluster within a single monophyletic clade within Bolivina. This clade harbors three distinct genetic lineages, which are associated with incipient morphological differentiation. All lineages occur in the plankton and benthos, but only one lineage exhibits no limit to offshore dispersal and has been shown to grow in the plankton. These observations indicate that the emergence of buoyancy regulation within the clade preceded the evolution of pelagic feeding and that the evolution of both traits was not channeled into a full transition into the plankton. We infer that in foraminifera, colonization of the planktonic niche may occur by sequential cooptation of independently acquired traits, with holoplanktonic species being recruited from tychopelagic ancestors.
I N T R O D U C T I O N
The ecological niche of marine zooplankton is inhabited by a diverse community of protists and Metazoa. These organisms have evolved from benthic ancestors by repeated colonization of the pelagic realm (Rigby and Milsom, 2000) . Interestingly, the planktonic representatives of individual taxa are either monophyletic or represent a small portion of the phylogenetic spectrum of a given clade, implying that bentho-pelagic transitions have been rare and occurred in association with the emergence of specific adaptations Milsom, 1996, 2000) . The sequence of bentho-pelagic transitions as documented in the fossil record seems to indicate that colonization was not prevented by incumbency, since the occurrence of new planktonic taxa is not linked to mass extinctions. Instead, the reason for the rarity of bentho-pelagic transitions may be linked to the functional constraints associated with the change in life mode ("bridging the bentho-pelagic divide" sensu Darling et al. 2009 ). Such a transition requires simultaneous adaptation of life cycle, trophic strategy and buoyancy, which is unlikely to occur frequently.
The challenge of living in the pelagic realm applies particularly to holoplanktonic organisms, that spend their entire life cycle afloat. Among these are the planktonic foraminifera, a distinct group of non-motile mesozooplankton with calcitic shells. Although foraminifera are an ancient group of protists with a fossil record reaching back to the Proterozoic (Pawlowski et al., 2003) , they appear to have expanded into the plankton not earlier than during the Toarcian (Early Jurassic; Hart et al., 2003) . Their subsequent evolutionary history is remarkably well documented in the fossil record (Norris, 1991) , which can be used to track the development of individual lineages (Aze et al., 2011) , and to investigate the dynamics of species turnover in the plankton (Peeters et al., 2004; Ezard et al., 2013) . Planktonic foraminifera are also an interesting model to study the process of bentho-pelagic transition. There is evidence both from the fossil record and from molecular genetic studies that foraminifera colonized the planktonic niche multiple times (Norris, 1991; Darling et al., 1997) . The latest colonization seems to have opened the pelagic habitat for small bi-and tri-serial taxa, traditionally classified as Streptochilus and Gallitellia. Ujiié et al. (2008) have shown that the extant Gallitellia vivans is closely related to the benthic genera Stainforthia and Virgulinella. Even more remarkably, Darling et al. (2009) demonstrated that planktonic Streptochilus bears SSU rDNA sequences identical to those previously found in the benthic Bolivina variabilis, indicating that, what was previously classified as Streptochilus in the plankton, corresponds to a species long before known from the benthos. These authors have also shown that the occurrence of B. variabilis in the plankton is not a chance event due to passive entrainment by sediment resuspension, but that this species remains afloat and continues growing once it has ascended into the plankton.
The apparently tychopelagic mode of life (ability to inhabit both benthic and planktonic habitats) of B. variabilis has been interpreted as evidence for potentially widespread occurrence of such adaptation throughout the evolutionary history of planktonic foraminifera, an adaptation which would be favorable for long-term survival at times of major ecological crises (Darling et al., 2009) . Alternatively, the ability of B. variabilis to live in the benthos and the plankton could be interpreted as evidence for an ongoing ecological shift, providing a unique snapshot of a "transition in progress". Darling et al. (2009) noted that Bolivina may be preadapted for a pelagic life by displaying higher buoyancy than other benthic foraminifera. Records from the NW-African continental margin show that shelf Bolivina species are extensively redeposited and are found in great numbers in surface sediments on the upper continental slope (Lutze, 1980, Figure 23a ). These observations are supported by frequent records of biserial foraminifera identified as Bolivina or Streptochilus in plankton nets, particularly in the vicinity of the continental shelf (Hueni et al., 1978; Schmuker, 2000) . Indeed, the planktonic Streptochilus specimens analyzed by Darling et al. (2009) from the Arabian Sea were found to be identical to DNA sequences of B. variabilis from shelf sediments off NE Africa.
If a tychopelagic mode of life is common in Bolivina, then specimens found in the plankton at different localities should represent different taxa and match the sequence patterns of different benthic Bolivina species. Alternatively, if the tychopelagic mode of life represents an ongoing transition into the plankton, it should be only associated with a distinct clade. We here provide an answer to these questions based on a combined genetic and morphological analysis of a global collection of Bolivina from the plankton. To this end, we use a marker located at the 5′ end of the SSU rDNA gene, which serves as a foraminifera barcode (Pawlowski and Holzmann, 2014) and has been shown to resolve intragenomic variability (Weber and Pawlowski, 2014) , while retaining phylogenetically relevant information in conserved regions (Pawlowski and Lecroq, 2010) . This marker also allows us to investigate the occurrence of the Bolivina barcode in the Tara Ocean global metagenomics planktonic survey. In this way, we can determine the pattern of occurrence of planktonic Bolivina, its genetic diversity and relationship with benthic representatives of the clade.
M E T H O D Collection
As noted by Darling et al. (2009) , small biserial foraminifera are found frequently in low numbers in the plankton throughout the global ocean, especially in the vicinity of the continental margin. In addition to the original collection of five specimens by Darling et al. (2009) from the Arabian Sea, 40 specimens of Streptochilus/ Bolivina were identified in our collections in samples from the eastern North Atlantic and the Mediterranean Sea (RV Meteor M69/1), in the eastern Indian Ocean (RV Pelagia 64PE304, RV Charles Darwin CD148) and in the South China Sea (RV Sonne 221). Additionally, we revisited a plankton station south of Puerto Rico in the Caribbean Sea, where pelagic Bolivina has been reported to occur in high abundances (Schmuker, 2000) . The specimens were recovered by stratified net sampling, vertical nets and from the uncontaminated seawater supply of the ship, in all cases by sampling with a mesh size of 100 μm (Supplementary Material 1, Fig. 1 ). Living specimens were picked from the plankton and either identified, cleaned and directly isolated into extraction buffer or alternatively, transferred on cardboard slides, air dried and stored at −20°C . The air-dried specimens were isolated into extraction buffer in the laboratory. Prior to DNA extraction, the specimens were photographed in lateral-view with a Zeiss Discovery V8 Microscope. We used only this view because it has been shown to represent most of the shape variation within the biserial planktonic foraminiferal morphospecies (Darling et al., 2009) .
DNA extraction, amplification and sequencing
DNA extraction was performed using the DOC protocol, the GITC* protocol or the Urea protocol . Amplification of a fragment located at the end of the SSU rDNA was carried out as detailed in Supplementary Material 1. The PCR products were purified using the QIAquick PCR purification kit (QIAGEN) or High Pure PCR Purification Kit (Roche Diagnostics) and directly sequenced by an external service provider (LGC Genomics Berlin, University of Edinburgh Gene Pool and AGOWA). Earlier studies have found intragenomic variability within Bolivina (Darling et al., 2009; Weber and Pawlowski, 2014) . Therefore, to obtain a better representation of the extent of this variability, we sequenced clones from five specimens. This allows an assessment of the level of genetic variability that is not associated with genetic isolation (Weber and Pawlowski, 2014; Morard et al., 2016) . The cloning was carried out using the Zero Blunt ® TOPO ® PCR Cloning Kit (Invitrogen) with TOP10 chemically competent cells following manufacturer's instructions and 4-5 clones were sequenced per individual. The chromatograms were carefully checked and only sequences of sufficient quality were retained and deposited on NCBI under the accession numbers KY697149 to KY697186. Short sequences (<200 bp) or sequences with ambiguous bases but still informative were used for genotyping (see below). These sequences are not reported in NCBI and have not been used for phylogenetic inference (Supplementary Material 1). 
Retrieving sequences from public databases
To assess how genetic diversity is distributed within the clade containing the genus Bolivina, all available sequences belonging to the subfamily Bolivinitinae Cushman, 1927 (in NCBI displayed as Family Bolivinitidae) have been collected. A query of the NCBI portal on the 16 August 2016 yielded 201 sequences of the SSU covering the fragment located between the primers S14F1 and 1528R. The metadata regarding the collection of the specimens that yielded these sequences were recovered from the literature, NCBI or internal databases (Supplementary Material 1). In addition, we searched for the occurrence of Bolivinitinae sequences in data from the Tara Oceans metagenomics survey (de Vargas et al., 2015) . We retrieved the database available at http://taraoceans.sbroscoff.fr/EukDiv/ and manually extracted the OTUs assigned to the family "Bolivinidae" (Rank 6) in the data file. Geographic origin of all sequences collated in this study is shown in Fig. 1 .
Phylogenetic inference
All new pelagic Bolivina sequences of sufficient quality were merged with Bolivinitinae sequences. First, to ensure the monophyly of the Bolivinitinae 22 representative sequences were selected and aligned with sequences belonging to the major lineages of Globothalamea (Pawlowski et al., 2013) using MAFFT v.7 (Katoh and Standley, 2013) under default options. The model of evolution GTR+I+G was selected using jModeltest v. 2.1.4 (Darriba et al., 2012) under Akaike Information Criterion. Using this model of evolution, the most likely tree topology was inferred from the alignment using a Maximum Likelihood Approach implemented in PhyML 3.0 (Guindon et al., 2010) , using NNI+SPR tree improvement and 1000 non-parametric bootstrapping pseudo replicates. We assessed the diversity within the Bolivinitinae in a second tree following the same approach but using the model of evolution GTR+G and including all the retained sequences. Both trees were visualized with iTOL v 3 (Letunic and Bork, 2011) and are shown in Figs 2 and 3.
Molecular taxonomy
To evaluate the nature and extent of genetic variability within the pelagic Bolivina, we applied the nomenclatural system of Morard et al. (2016) and parsed the observed variability into Molecular Operational Taxonomic Units (MOTUs). These authors proposed a nomenclatural system with three hierarchical levels below the morphospecies level. In this study, the molecular taxonomy is based on a sequence fragment located between the series of nucleotides (5′-CGCGTCTTT-3′) and (5′-AATAACA GGTC-3′) which includes the variable region 43E (Pawlowski and Lecroq, 2010) . On the basis of this fragment, basetypes (sensu Morard et al., 2016) were defined as unique sequence patterns within this fragment. The basetypes were then organized into basegroups (MOTU Level 3) on the basis of their pairwise co-occurrence in clones from one or several individuals. The variability observed within a given basegroup thus represents intragenomic variability and the variability observed among basegroups represents at least population-level variability.
The basegroups were then classified into putative biological species (MOTU Level 2) on the basis of the Automatic Barcode Gap Delineation (ABGD) method (Puillandre et al., 2012) . All basetypes were automatically aligned using MAFFT v.7 and submitted to the ABGD website (http://wwwabi.snv.jussieu.fr/public/abgd/ abgdweb.html) with K-80 distance and default options to find a barcode gap. We reduce oversplitting by merging the putative species proposed by ABGD that included sequences belonging to the same basegroups. As a final step, we defined lineages (MOTU Level 1) as monophyletic clades encompassing at least one entire MOTU Level 2 and associated with a minimum support of 80% given by phylogenetic inference (Fig. 3) . The resulting molecular taxonomy was validated by calculating patristic distances on the tree for each hierarchical level, as gaps in distances are expected to occur between intraspecific and specific levels (Lefébure et al., 2006; André et al., 2014) . We compared the observed distances between all MOTU levels of B. variabilis/Streptochilus with those of other lineages in the Bolivina clade, that have been diagnosed as different morphological species. The distances were compared using the KolmogorovSmirnov and Mann-Whitney tests implemented in PAST v. 2.17c (Hammer et al., 2001; André et al., 2014) and the results are reported in Table I 
B o liv in a v a r ia b il i s / S t r e p t o c h i l u s

Genotyping
Part of the generated Sanger sequences had insufficient quality to be used in the assessment of the diversity within the B. variabilis/Streptochilus complex. Similarly, the V9 metabarcode used in the TARA Ocean survey was too short to be used for species delimitation. However, both data sets can be used to constrain morphology and/or biogeography within the complex. These sequences were compared to the alignment used to infer diversity within the Bolivinitinae (Fig. 3 ) and the sequences which were too divergent were discarded. We used phylogenetic inference in PhyML 3.0 (Guindon et al., 2010) with alRT as branch support to assign the sequences with insufficient quality and V9 barcodes to the existing MOTUs Level 2 (resulting tree available as Supplementary Material 2).
Morphometric analysis
In order to assess the morphological diversity within the pelagic Bolivina, images of the genetically analyzed specimens were evaluated for quality (standard orientation, focus) and a subset of 28 images was retained for morphometric analysis. Prior to analysis, the images of four specimens (A1026, A1140, A1167 and A1208) were mirrored in order to orient the apertural face of all specimens in homologous position. We also recovered the digital image of the holotype of Streptochilus globulosus (Cushman), the hand drawing of B. variabilis (Williamson) and Streptochilus globigerus (Schwager) and processed them in the same way as the images above for direct comparison.
Shape differences between Bolivinitinae species have been commonly described by the frequency distribution of their shell length/width ratios (e.g. Barr, 1966) . We therefore quantified the shape of the specimens analyzed by extracting the two-dimensional lateral-view outline of the 28 genetically characterized specimens and three holotypes and then applied an elliptic Fourier analysis, which allows the generation of a set of shape descriptors (HealyWilliams and Williams, 1981; de Vargas et al., 2001; Quillévéré et al., 2013) . The outline extraction and the Fourier analysis of the processed images were performed automatically with the SHAPE v.1.3 program package for evaluating biological contour shapes (Iwata and Ukai, 2002 ) based on Elliptic Fourier Descriptors (EFD; Kuhl and Giardina, 1982) . The contours of the objects were extracted directly from the images with the ChainCoder program of the package and stored as chain code. The normalized EFD from chain-coded contours were obtained with the Chc2Nef program of the SHAPE package using default options (see Supplementary Material 3) . The program calculates the EFDs coefficients from the discrete Fourier transformation of a chain-coded contour and the harmonics are subsequently normalized based on the ellipse of the first harmonic to be invariant with respect to the size, rotation and starting point.
The number of harmonics needed to capture the major features of each outline was estimated based on the cumulative power of the Fourier harmonics as described by Crampton (1995) . We observed that the cumulative power of the harmonics reached a plateau at the sixth harmonics, which accounted for~96% of the variability. The harmonics 7-20 were thus considered to represent high-frequency noise. Furthermore, the harmonic zero is not relevant for shape analysis because it only represents the starting point of the outline and the first harmonic represents only an ellipse with little specific information (de Vargas et al., 2001) . These two harmonics were not retained either. In total, we retained the harmonics 2-6 providing 20 shape descriptors for each of the 31 measured specimens that were used to evaluate the extent of 
R E S U L T S Retained data set
We generated 57 sequences of which 38 were of sufficient quality for phylogenetic inference, the 19 remaining were kept for genotyping (see below). In addition, 199 sequences of Bolivinitinae have been retrieved from NCBI, labeled under 11 different morphotaxa. We observed that the sequence AJ318227 attributed to Bolivina spathulata was highly divergent from the three other sequences with the same taxonomic attribution (AY465835 to AY465837), it was consequently renamed Bolivina sp. 1. Three sequences LN886737, LN886738 and LN886739 labeled as Bolivina sp. were labeled Bolivina sp. 2 on the phylogenetic tree (Fig. 3) . Five sequences labeled as Streptochilus sp. from a single site in the Pacific formed a well-supported clade distinct from all other sequences attributed to the B. variabilis/ Streptochilus complex. These sequences are not associated with any metadata (unpublished results) and have thus been labeled here as Bolivina sp. 3. As a result, 10 morphotaxa other than the B. variabilis/Streptochilus complex were considered in the phylogenetic inference.
Phylogenetic inference, MOTUs delimitation and genotyping
The phylogeny performed on the subset of representative sequences confirmed the monophyly of the Bolivinitinae (Fig. 2) . All morphotaxa in the detailed phylogeny were shown to be monophyletic (Fig. 3) and the new pelagic sequences, together with the NCBI sequences assigned to Streptochilus or B. variabilis, form a well-supported clade (Fig. 3) . This clade is composed of 195 sequences representing 31 basegroups. Using ABGD inference, these basegroups could be structured into 10 putative species (MOTU Level 2) belonging to three well-differentiated lineages (MOTU Level 1). The patristic distances calculated from the tree confirmed the existence of a distance gap between MOTU Levels 1 and 2 within the B. variabilis/Streptochilus clade while remaining on average below the distances observed between the other Bolivinitidae morphospecies (Fig. 3B) . We formally tested for the existence of a gap between the MOTUs within each lineage using Mann-Whitney and Kolmogorov-Smirnov tests (Table I ). All pairwise comparisons returned significant values but with different levels of significance. Indeed, the pairs Ib vs Ic, IIa vs IIc and IIIa vs IIIb displayed a low level of differentiation compared to the other pairs of MOTUs. We also note a weak significance in the separation between the pairs Ia vs Ic but we attribute this to a low number of inter-basetype distances for the statistical test. In addition, the separation of the pair Ib-Ic implies paraphyly for the MOTU Ic, whilst the separation of the pairs IIa-IIc and IIIa-IIIb implies polyphyly of the MOTUs IIa and IIIa (Fig. 2A) . This pattern may be indicative of incipient speciation or more likely insufficient documentation of the extent of intragenomic variability in our database (oversplitting).
Screening of the TARA Oceans metagenomics database showed that six retained environmental OTUs were compatible with 3 of the 10 MOTUs. Two environmental OTUs were attributed to the type Id, one to the type IIa and three to the type IIIc. In addition, we reattributed Sanger sequences with insufficient quality to the type IIa (10) and to the type Ic (9).
Biogeography
Altogether, we assembled a database on the occurrence of Bolivinitinae sequences in the plankton at 43 discrete localities covering all low-latitude oceans and the major marginal seas (Fig. 1) . Rarefaction curves revealed that our data set is likely to cover the total diversity within the B. variabilis/Streptochilus clade at lineage and putative species levels (Fig. 4) . The diversity of the pelagic Bolivinitinae sequences is larger than reported by Darling et al. (2009) , but all planktonic sequences are restricted to the B. variabilis/Streptochilus clade (Fig. 5) . Of the 10 MOTUs in this clade, four are present both in the plankton and in benthic samples (Ic, Id, IIa and IIIc), five are observed in benthic samples only (Ia, IIb, IIc, IIIa and IIIb) and only one is observed in plankton sample only (Fig. 5) . The MOTU IIa was observed at distances up to~1200 km away from land suggesting a higher ability for dispersal.
Morphometry
To assess whether genetic divergence within the B. variabilis/Streptochilus clade is associated with (incipient) morphological differentiation, images of genotyped specimens were analysed. We could retrieve 11 pictures of specimens belonging to Lineage I and 17 to Lineage II. No images are available for Linage III as its planktonic representatives have been detected only in environmental samples from TARA Oceans (Fig. 5) . The three first components of the PCA explain~80% of the overall morphological variability in the shape of the test outline ( Fig. 6A-C) . The PC1 expresses the ratio between the two main axes, opposing elongated-tapered shells against shells with a flared outline. PC2 and PC3 oppose specimens with smooth, compact outlines against specimens with lobate outlines caused by inflated chambers. Lineages I and II seem to occupy different portions of the morphospace, with specimens of Lineage I being conical-flared and specimens of Lineage II being more elongatedtapered. This difference is supported by a two-way ANOVA, even when performed only on the two first principal components (df = 1; F = 7.99; P-value = 0.0067). This shape differentiation seems to be correlated with the length on the PC1 (Fig. 6D) , whereas PC2 and PC3 are independent of size ( Fig. 6E and F) . Specimens of the lineage I were found abundantly in our collection off Puerto Rico, allowing a closer assessment of their taxonomic identity. To this end, representative specimens from the same collection used for DNA analysis were imaged with a CamScan 44 scanning electron microscope at the Institute of Geosciences, Kiel University (Fig. 7) 
D I S C U S S I O N
Since their appearance during the Toarcian (Hart et al., 2003) , planktonic foraminifera have experienced several episodes of mass extinction followed by radiations. Each radiation appears to have been initiated by small opportunistic species that survived the extinction and repopulated vacant ecological niches (Norris, 1991) . Alternatively, it is being increasingly considered that the recolonization of the plankton after the Cretaceous/Paleogene boundary may have been primed by benthic rather than planktonic foraminfera (Arenillas and Arz, 2017) . Molecular phylogenies of modern planktonic foraminifera (Darling et al., 1996; de Vargas et al., 1997; Aurahs et al., 2011) highlight their polyphyly, also supporting the hypothesis of multiple and independent invasions of plankton by benthic taxa.
In this context, our analysis of genetic diversity in the tychopelagic Bolivina provides an opportunity to investigate the evolutionary processes involved in an ongoing plankton invasion. First, phylogenetic inference confirms that all the analysed Bolivinitinae sequences form a wellsupported clade (Fig. 2) , as expected from earlier studies (Ertan et al., 2004; Schweizer et al., 2005) . Within the Bolivinitinae, all the planktonic sequences are associated with a single clade (Figs 3 and 5) . Considering the extent of our sampling (Fig. 1) and the combination of singlecell extractions with metagenomics data, it is likely that our collection is representative for the genetic diversity of planktonic Bolivinitinae. Although we cannot entirely exclude the possibility that some other pelagic Bolivina exists, the dominant global population in the plankton is clearly represented by a single clade associated with the morphospecies B. variabilis/Streptochilus (Fig. 3) . This means that the tychopelagic mode of life exhibited by some lineages within B. variabilis/Streptochilus clade is not an ancient, ancestral character of the Bolivinitinae, but represents a rare, possibly singular innovation. In this scenario, the tychopelagic mode of life may reflect an ongoing transition from the benthos into the plankton.
The shift from benthic to planktonic niche requires the evolution of several life traits that cannot be acquired at once. The association of a tychopelagic lifestyle with transition to a holoplanktonic lifestyle would imply that the adaptations required to colonize the planktonic niche may evolve sequentially, with holoplanktonic organisms being recruited from tychopelagic ancestors. The sequence of adaptations would thus first require the evolution of buoyancy, then pelagic feeding and finally the detachment of the entire life cycle from the benthos. The physiological mechanisms for buoyancy are not well understood in modern planktonic foraminifera, but we note that lineages of benthic foraminifera, such as Tretomphaloid, evolved buoyancy regulation in the final stage of their life in the context of reproductive dispersal (Banner et al., 1985) . This demonstrates that the appearance of this mechanism recurred and implies that a tychopelagic mode of life is likely to have evolved repeatedly and independently among the foraminifera, but its initial emergence was not associated with a pressure to transition into the plankton. Although we have no direct observational evidence for the existence of pelagic feeding in the studied pelagic Bolivina, the specimens collected in the plankton showed healthy colored reddish to orange cytoplasm (Fig. 7) . This coloration soon fades out once Bolivina specimens die (John Murray, personal communication). Darling et al. (2009) provided geochemical evidence that specimens of Lineage II continue growing (calcifying) when afloat. It is therefore likely that Lineage II already possesses adaptations to feed in the plankton.
Appearance of a tychopelagic mode of live does not seem to channel the species into a rapid full transition into the plankton. Although the tychopelagic B. variabilis/ Streptochilus clade studied had diversified (Fig. 3) , all its three lineages (MOTU Level 1) occur both in the plankton and the benthos (Fig. 5B-D) . This implies that the tychopelagic mode of life has been retained for a considerable time within the clade without an emergence of a holoplanktonic lifestyle. It may be that the final stage of the transition into the plankton is either rare or that it requires an external trigger. Indeed, it has been hypothesized that the first group of foraminifera that appeared in the plankton in the Jurassic colonized the plankton during a global event of oceanic anoxia (Hart et al., 2003; von Hillebrandt, 2012) . In both cases, the prerequisite for the sequence of evolution from tychopelagic to holoplanktonic lifestyle would be long-time retention of the tychopelagic lifestyle. Indeed, the apparent retention of the tychopelagic mode of life within the pelagic B. variabilis/Streptochilus clade during its diversification implies that such a mode of life is not associated with long-term disadvantages that would reduce its fitness and lead to extinction. On the contrary, the clade occurs globally and represents one of the most abundant Bolivina species (Wylie Poag, 2015) .
The potentially recurrent emergence of the tychopelagic lifestyle and its apparent long-term retention would allow the development over time of a pool of tychopelagics that persists for sufficient time until the environmental trigger (or ecological possibility) to fully invade the plankton occurs. This hypothetical environmental trigger would have to push the tychopelagic population into a state where it is able to complete its life cycle in the plankton. Because all modern species of planktonic foraminifera appear to be obligate sexual outbreeders (Hemleben et al., 1989) , the final stage in the holoplanktonic transition appears to be related to the abandonment of asexual reproduction. How and why such a fundamental change in the life cycle is associated with the holoplanktonic transition remains unclear, but it is interesting to note that buoyancy regulation (construction of floating chambers) in some benthic foraminifera occurs in association with sexual reproduction (Banner et al., 1985) .
The hypothesis that holoplanktonic taxa are recruited from tychopelagic ancestors implies that the key adaptations for a planktonic lifestyle may evolve for other purposes and then be coopted to facilitate holoplanktonic life. If this hypothesis is correct, then the studied tychopelagic Bolivina offers a snapshot of the process of benthicplanktonic transition, caught at the stage where the life cycle is not yet fully detached from the benthic realm. The first insight is provided by the existence of diversification within the planktonic Bolivina (Fig. 3) . This means that the tychopelagic lifestyle can be retained within a clade and throughout its existence and does not affect the fitness of the clade, nor does it impede its ability to diversify. Because the extent of the diversity within the planktonic Bolivina at the level of MOTU appears limited (Fig. 4) and the genetic distances among MOTUs are comparable to other lineages within the clade (Fig. 3B) , the tychopelagic lifestyle does not seem to accelerate speciation either. Clearly, this particular mode of life is neither a speedway to the plankton nor a blind alley leading to extinction. Instead, tychopelagic lifestyle appears to have evolved as one of many strategies for dispersal, facilitating the existence of a pool of species with adaptations that can be coopted on transition to a fully planktonic mode of life.
The biogeography of the three tychopelagic lineages is different (Fig. 5) . Whilst all three lineages are observed in the plankton, only sequences of Lineage II were found in samples far offshore (Fig. 5E) . This is the lineage for which Darling et al. (2009) showed evidence for continued growth in the plankton. Furthermore, the analysis of the shape of genetically identified specimens reveals that shells of Lineage II are morphologically consistent with the concept of modern species of the planktonic "Streptochilus", whereas shells of Lineage I are distinctly different (Fig. 6 ). This one observation implies that the genetic diversification in the clade is likely associated with at least incipient morphological differentiation. This differentiation allows us to place earlier taxonomic observations from the plankton into the context of the diversification within the clade. Since none of the two morphological species (holotypes) considered to occur in the plankton (S. globigerus and S. globulosus) is consistent with Lineage I (Fig. 6) , we may conclude that our genetic survey as well as earlier morphological observations on the distribution of "Streptochilus" in marine sediments (e.g. Smart and Thomas, 2007) point to a higher degree of "pelagicity" in Lineage II (Fig. 5E) . Specimens of Lineage II are thus either able to survive longer in the plankton or have a more efficient buoyancy regulation. Their dominant occurrence in offshore localities (or lack of other lineages in these samples) cannot reflect an initial higher abundance, because the other lineages are represented abundantly at other localities in the plankton, but always closer to the coast. It may well be that Lineage II is the only one capable of pelagic feeding. Irrespective of the mechanism that allows Lineage II to proliferate offshore, it seems that the degree of "pelagicity" in the tychopelagic Bolivina varies within the clade and that Lineage II is the one from which a holoplanktonic descendant could evolve.
The next step in the understanding of the evolutionary process leading to the colonization of plankton by benthic organisms will be the comparison of physiological mechanisms between benthic, tychopelagic and holoplanktonic foraminifera, in particular to understand how buoyancy is developed. Planktonic organisms developed multiple strategies for buoyancy such as flagellated propulsion in dinoflagellates, active water transport (Raven and Doblin, 2014) or synthesis of low-density organic solutes used as ballast in aflagellate marine phytoplankton (Lavoie et al., 2014 (Lavoie et al., , 2016 or even gas vesicles in the cyanobacteria (Pfeifer, 2012) . Unravelling the genetic basis for buoyancy in foraminifera should be the next step to understand the origins of pelagic foraminifera.
C O N C L U S I O N
By combining biogeographic, genetic and morphometric evidence, we provide a snapshot of a benthic-pelagic transition in progress. We suggest that this process is likely to have occurred stepwise by the development of independently evolved traits that would collectively permit the completion of the life cycle in the plankton. The B. variabilis/Streptochilus complex offers a unique insight into how foraminifera may have colonized the plankton domain multiple times since the Early Jurassic. It also shows that the initial phase of the colonization can be achieved without external forcing (i.e. environmental stress) through the evolution of a tychopelagic lifestyle, which may have evolved as a strategy for dispersal of benthic foraminifera. We conjecture that the final step to switch from the tychopelagic to holoplanktonic lifestyle could be the adoption of obligate sexual reproduction or suppression of the asexual phase of the life cycle.
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